The study performed on this work consists of evaluating the consequences of the introduction of various foreign objects at the compressor inlet of a turbocharger. The most plausible objects were selected. A specific test bench was set up in order to perform the experiment and measure the compression ratio and compressor efficiency evolution. Measurements were performed before (healthy compressor) and after the object introduction (damaged compressor).
Introduction
Downsizing is a common trend in gasoline and diesel engines which consists in reducing engine displacement in order to reduce fuel consumption, and improving efficiency to keep performance and reduce emissions. Turbochargers are required to do so. Almost compulsory on diesel engines, they are becoming more and more associated with gasoline engines as well. On cars and trucks, a turbocharger consists of a centrifugal radial compressor driven by a centripetal radial turbine, linked together by a rotor shaft. Owing to its good balance between mass flow capacity and size, 1 the centrifugal compressor is mainly used. These turbochargers can run at maximum speed about 250 krpm and must be extremely well balanced. 2 The turbine should not be too heavy to guarantee a low response time but strong enough to support exhaust gas high temperature and stresses. At the compressor side, as Galindo said, 3 one should be capable to attain high pressure ratios with low mass flow rates to improve the engine low end torque, but the compressor shall be large enough to blow the maximum engine air flow rate.
As turbochargers are running at very high speed and temperature, many types of mechanical failures may occur. 4 -6 Additionally, turbochargers failures are inherently expensive and have a devastating effect on engine performance, thus a better knowledge on failures origin, propagation, and final effects is required.
The intake of foreign material into the compressor or turbine wheels; high exhaust temperatures; and lubrication related problems are the most generally recurring reasons for turbocharger failure. This work is a part of a more ambitious project performed in order to assess origin and consequences of typical failures that may appear in turbochargers. Lubrication-related problems such as oil supply failure, oil pressure and viscosity variations, oil contamination, etc.; slight contacts between wheels and housings, wheels excessive unbalanced, etc. will be studied as well in this project.
However, for this paper, we firstly focus on the effects on performance generated by foreign objects ingestion at the compressor intake. This ingestion of foreign objects can be derived from faulty engine maintenance or normal engine operation.
The main purpose of this work is to evaluate what will be occur when different types of objects, some likely to appear at the compressor intake, some less, hit the compressor wheel. Furthermore, in order to obtain this evaluation, a novel experimental methodology has been developed to obtain the results presented. This new methodology will also contribute to obtain a deeper knowledge in future works on this project.
These types of failures are not well reported in literature. The generated damages are usually obvious when disassembling the turbocharger, but here we assessed the consequences on turbocharger performance and consequently in engine performance. Two kinds of measured variables had been traditionally selected to do so:
• Vibrations (using a spectral analysis)
• Thermodynamics parameters (turbocharger efficiency and compression ratio).
Using thermodynamic parameters, a straight forward evaluation of turbocharger performance can be made, but it is assumed a priori that in early failure stages would be very difficult to detect. This is the reason why additional vibration spectral analysis is performed by some authors. 7, 8 This way, slight deviations from the ''normal behavior'' may be detected improving the damage analysis sensitivity.
However, this paper deals with the results, obtained by the diagnosis trusting just in the thermodynamics parameters, and in order to obtain a corroboration and better knowledge of the failure process. A big effort has been made in order to develop a novel experimental procedure as well as an uncommon visualization device has been set up to observe and record the whole crash sequence that provide images not available in the literature.
Experimental Facilities

Turbocharger test bench
For the characterization of a typical automotive turbocharger, the test bench has to supply the turbine with a necessary airflow similar to the flow of the exhaust gases of an internal combustion engine. An oil free screw compressor with a maximum flow capacity of 164 L/min at a maximum discharging pressure of 0.35 MPa (gage) provides the mass flow necessary to the system. In order to simulate the hot exhaust gases, the airflow of the screw compressor also has to be heated by five electric resistances in order to reach 500
• C at the turbine inlet. To warrant that flow through the heaters is balanced, manual valves are installed on inlet ports of each heater. The amount of mass flow at the turbine inlet is controlled by changing the screw compressor speed, which is handled with a PID (Proportional-IntegralDerivative) controller. As screw compressors do not permit operation at speeds lower than its minimum design point, an electronically controlled discharge valve is placed in a derivation line between the screw compressor and the heaters; this gives the possibility to reduce the amount of flow at the turbine inlet by discharging some mass flow to surrounding. The amount of energy sent to the turbine is controlled with screw compressor speed and power of heaters. Air mass flow is cooled downstream of the turbine in order to allow mass flow measurement by commercial hot wire type flow meters. A serial installation of three flow meters allows a statistical treatment of the values, to control nonsystematic errors and to reduce the systematic ones. All flow meters on installation have been previously calibrated with a pattern. Figure 1 is a schematic representation of the continuous air flow test bench.
At the compressor side, upstream of the compressor, the flow goes through an air filter followed by three commercial hot wire type flow meters. At the compressor outlet, an electronically driven backpressure valve helps to modify compression ratio and mass flow by changing line losses as necessary. An oil filter ends the line in order to prevent oil leakages to the atmosphere where the air is discharged.
An independent lubrication system delivers oil at an adjustable pressure in order to test different sizes of turbochargers. Optional heater and cooler allow adjusting the temperature at the inlet lube port of the turbocharger. Temperature, pressure, and flow sensors on lube ports help to complete the energy balance and to control conditions for the correct operation of the unit. Temperature and pressure sensors are installed on inlet and outlet pipes of the compressor and turbine. Sensor locations are made according to SAE J1826 standards. 9 Table 1 shows representative information about measurement range and accuracy of the sensors. More information about the turbocharger test bench used in this study can be found in Refs. 10 and 11.
The turbocharger test bench is equipped with a robust data acquisition system which stores the information from all sensors at the different measurement points. At the same time, the acquisition system also allows the monitoring and control of main variables to accomplish the requested tests.
In order to visualize the compressor blade movement when introducing the foreign object, a high speed Photron Ultima APX camera (Photron Europe Ltd, UK) with light intensity has been used. The camera has a 10-bit CMOS sensor (17 μm/pixel) and for our study it was chosen to record at 15,000 frames per second and an exposure time of 1/40,000s with a resolution of 256 × 256 pixels. The objective used is a Sigma HF (Sigma Imaging Ltd, UK) with 24-70 mm focal length. Specific software allows us to control completely the camera settings from the control room as speed, resolution, gain, etc. In order to improve the image recording, due to low light level at the compressor wheel a fiberglass pipe was designed and manufactured to increase the light. Furthermore, a spotlight of 1000 W was installed at the bottom of the fiberglass pipe in order to improve image quality as it can be seen in Fig. 2 . A crystal window was located at the beginning of the pipe to protect the camera from objects that may come back after hitting the compressor wheel.
In order to carry on a vibration analysis and detect incipient damages that may not be evaluated trough the thermodynamics measurements, an accelerometer and a data acquisition system had been added to the bench. The accelerometer, Brüel & Kjaer type 4384 (SN:1909599), was axially mounted on the compressor side of the turbocharger. Accelerometer is 200 g in weight and its sensitivity is 3 pC/g in the range of 1-16.6 kHz. The signal from the sensor was transferred to a conditioning amplifier and then recorded at a sampling frequency of 50 kHz using a data acquisition system. As previously mentioned, the vibration analysis is not presented in this paper. Although there are other options to measure turbocharger speed, 12 the accelerometer signal has been used to assess the turbocharger speed for this case. The location of the accelerometer can be observed in Fig. 3 .
Type and size of objects
As on an engine the compressor inlet is protected by the air filter, foreign objects have to be introduced through a specific intake line. Five types of objects have been used in this experiment corresponding to those most plausible cases of compressor damage:
• Paper (thin slice of ∅30 mm): as the air filters are made of paper, a piece of paper may break away from the air filter.
• Plastic washer (∅10 mm and 1 mm thick): as intake manifolds are made of plastic material, a piece may break away downstream the air filter. • M6 Nut: this type of object is used to fit the air filter case.
Those two simulate parts that may accidentally fall into the air filter box when disassembled for maintenance.
• Ice slice (5× 15 × 50 mm) and ice sphere (∅10 mm):
wet air and blow-by gas in the intake line can condense and sometimes freeze when ambient temperature goes down enough, forming ice.
An image of the different objects used in this study can be observed in Fig. 4 .
Testing procedures
The introduction of the objects mentioned before has been done from two different distances from the wheel, 30 and 300 mm, in order to evaluate possible effects of the inertia when the objects hit the wheel. For similar reasons, two different turbocharger speeds, 50 and 150 krpm, had been tested. As all the tests had been repeated twice in each specific condition and for the five foreign objects, 40 different experiments had been conducted, and thus 40 turbochargers tested. To be able to compare the results of each test, a rigorous testing procedure has been defined. It is describe below:
(a) A characterization test, to obtain performance and vibration reference level of each new turbocharger, was performed.
• It consists first in assessing one of the speed lines of the compressor map, measuring compression ratio and efficiency for eight different air mass flows. The 150,000 rpm speed line has been chosen. The speed has been controlled during the experiment using the accelerometer mentioned before. To draw the speed line and adjust the eight different corrected air mass flow values required (from 0.032 to 0.117 kg/s), the counter pressure valve at the compressor side was set to a given position. A PID controlled the gas mass flow at turbine side in order to get the targeted speed.
• Afterward, a vibration measurement was carried out, first in-steady state conditions at 150,000 rpm, and then in transient conditions at 7500 rpm per second from 50,000 to 150,000 rpm.
All these characterization tests represented the standard reference level of the good condition of each turbocharger to be compared to after the object introduction.
(b) The foreign object was then introduced at the compressor inlet. A high speed video was recorded. (c) After swallowing the object, a check-out test of the damaged turbocharger was performed using the characterization method described above. Before switching to a new turbo, a complete checkout of the compressor intake line was carried out in order to guarantee that no air leakages may affect the results of the measurements. The check-out test was made using an ultrasonic leakage detector (AccuTrack VPE, Superior Signal Co., Spotswood, NJ).
Object introduction system
For security reasons, a specific object introduction system was designed (Fig. 5) . This system is composed of two valves and an intermediate chamber: a manual valve through which the object is introduced to the intermediate chamber and closed after that and a pneumatic valve, controlled from the test room control area, to let the object fall in the intake line of the compressor when on demand. Figure 6 represents a general view of the testing facility; the turbocharger is located in the center.
Turbocharger data and test matrix
Only one model of turbocharger had been used in this analysis. Its main characteristics are presented in Table 2 . Table 3 presents the test matrix of this study taking into account the three considered variables: type of foreign object, turbocharger speed when introduced, and distance from which the object is introduced.
Results
This section presents the results obtained for the different tests performed.
Characterization tests
As it has been said, in the characterization tests, it was calculated compressor efficiency and compression ratio from measured variables (SAE 9 and CIMAC 13 standards have been followed in the calculation) for each new turbocharger at different corrected air mass flows. Figure 7 presents typical results for characterization test on a specific turbocharger. In order to check the repetitiveness of the tests and that no measurement problem appeared, each new turbocharger data was added to a general graph. The deviation obtained for each measurement was computed. In one case, for example, this led to detect an abnormal behavior of the fifth turbocharger measured. Investigations revealed leakages at the compressor inlet duct. Paper  T3  50  30  T4  50  30  T5  150  30  T6  150  30  Plastic  T7  50  30  T8  50  30  T9  150  30  T10  150  30  Nut  T11  50  30  T12  50  30  T13  150  30  T14  150  30  Ice Cube  T15  50  30  T16  50  30  T17  150  30  T21  150  30  Ice Sphere  T18  50  30  T19  50  30  T20  150  30  T23  150  30  Paper  T24  50  300  T32  50  300  T25  150  300  T33  150  300  Plastic  T26  50  300  T34  50  300  T27  150  300  T35  150  300  Nut  T28  50  300  T42  50  300  T29  150  300  T44  150  300  Ice Cube  T30  50  300  T40  50  300  T31  150  300  T41  150  300  Ice Sphere  T36  50  300  T38  50  300  T37  150  300  T39 150 300
Taking into account this situation, a leakage detection inspection was developed and incorporated to the testing procedures for the subsequent experiments. When no problem occurs, the dispersion over measurements in a group of different turbochargers tested is low (Figs. 8 and 9 ) and, as may be observed on the efficiency measurements, the dispersion increases with the air mass flow.
Additionally, a statistical analysis was performed on the compression ratio and the compressor efficiency. The normality of the statistics has been verified as illustrated in Figs. 10 and 11 . Table 4 summarizes the characterization statistics values. The testing configuration used to introduce the foreign objects 30 mm far from the compressor wheel has an impact on the global efficiency as a consequence of the disturbance in air inlet flow generating a negative effect that reduces the efficiency as attested by the measurements.
Foreign objects introduction
The high speed camera helped to understand the effects of the foreign objects ingestion. Some snap shots are reproduced in Fig. 12 (nut) and in Fig. 13 (ice cube). The repetitive hits of the nut over the compressor wheel lead to a progressive severe damage of the blades. The inspection of the compressor disassembled confirmed the video recorded. In Fig. 13 , the snap shots witness the destruction of the ice cube, rather than the milling of the compressor wheel. The final condition of the compressor wheel does not show any appreciable damage.
Check-out test
In most of the tests performed, the object was swallowed by the compressor. The measurement of the compressor efficiency and compression ratio could then be performed without any disassembling.
The nuts tests were stopped before swallowing the nuts because the wheels were already clearly damaged. It is impossible and pointless to assess how long the test should last to swallow the nut. It is just obvious that the longer the nuts mills the wheel, and the faster the wheel speeds, the more severe is the damage as shown in Fig. 14 .
Individual check-out results had been compared the corresponding characterization tests. The nuts led to the most severe damages. Figure 15 presents the results obtained for the turbocharger T13. An important deviation from characterization may be observed. It was necessary to disassemble the compressor housing to remove the nut before measuring the thermodynamics parameters again.
For a selected air mass flow (here 0.068 kg/s corresponding to the maximum efficiency), the graphs presented in Fig. 16 summarize the measurements of all the compressor performances after swallowing foreign objects. Dot lines represent the characterization performances (mean ± 2sigma), so it is easy to identify which tests led to significant damages.
As can be observed on graphs presented in Fig. 16 , the nut tests show performances significantly out of the statistical boundaries defined by the normal conditions.
As can be observed on graphs presented in Fig. 17 , obtained for a higher value of air mass flow (0.09 kg/s), not only nuts presents abnormal behavior with T10 (plastic) clearly out of statistical boundaries and tests for T5 (paper), T9 (plastic), and T21 (ice cube) presenting values on the edge of limits. This situation can lead to conclude that up to medium mass flow (0.07 kg/s in our case) the wheel has to be seriously damaged to detect any effect on the compression performances. Thus, only hard foreign objects such as nuts significantly impact the performances. Looking at higher flow rates (above 0.09 kg/s for this case) allows detecting smaller damages.
Recuperation of Lost Energy
In order to make a valuation of the effect of damage generated on a real application in energy terms, an additional study was made. The idea was to evaluate compressor losses after swallowing the object and measure the extra energy that a damaged turbocharger needs in order to reach the original performances (when healthy). A test was performed using a turbo damaged by a nut. The energy required to recover a given air mass flow and compression ratio corresponding to the original maximum efficiency point was computed as shown in Fig. 18 .
The damaged turbocharger had to run about 30 krpm faster and requested about 1800 W additional to reach the same compression characteristics.
Calculation of the power spent by the compressor:
where:Ẇ c p = Average specific heat at constant pressure (J/kg K)
The efficiency dropped down by 23%, and about 40% of additional work was required to recover the original compression characteristics.
Conclusions
It could be supposed a priori that parameters used in order to evaluate the turbochargers behavior, taking into account that all of them are equals (same manufacturer and type), will follow normal distribution behavior. Parameters used have been: efficiency and compression ratio and have presented such a priori behavior. It has been also presented a novel experimental technique that allows combining the same experiment visualization with high speed camera, introduction of foreign objects, and compressor performance measurement in a reliable way. With respect to test conclusions, nuts are the only foreign objects that generated on the compressor wheel damage big enough to compromise further use of the turbocharger and as a consequence turbocharged engine performance. Nut damage was clearly observed on the measurements of thermodynamics parameters, in such a way that turbochargers damaged cannot even recover the original maximum compression ratio without significantly overspeeding (around 14% in the example test). This leads to a huge energy consumption increase (about 40%). If the experiments had been carried on until the nuts were swallowed by the compressor, the compressor wheel would have been totally destroyed and performances impossible to recover.
Using videos recorded on each test it has been observed that almost all the objects generate limited damages. It has been tested that it is easier to detect incipient failures in points where high air flow mass rates are involved, and in these cases could be observed that softer material (such as paper or plastic) can lead to abnormal performance although in a random manner. One explanation is that as long as they are fragile, few hits cannot significantly damage the wheel, and the objects are disintegrated and swallowed quite rapidly. This situation is different with harder objects such as nuts, where the residence time or test time leads to proportionally severe damages. It is also worth highlighting that if the objects are just soft but not fragile (i.e., paper in the study or eventually rubber piece) and the compressor kicks do not disintegrate them, in such a way that must be swallowed in only one piece by the compressor wheel, the object can deform wheel spinning while swallowing, generating incipient damages not observed in maximum efficiency performance but 
